The Zr-based amorphous alloy matrix composites reinforced with stainless steel (STS) or tantalum (Ta) continuous fibers were fabricated without pores or defects by liquid pressing process, and their dynamic deformation behaviors were investigated. Dynamic compressive tests were conducted by a split Hopkinson pressure bar, and then the test data were analyzed in relation to the microstructures and the deformation modes. In the STS-fiber-reinforced composite, the STS fibers could interrupt the propagation of cracks initiated in the matrix and promoted the continuous deformation without fracture according to the strain-hardening effect of the fibers themselves. The Ta-fiber-reinforced composite showed the higher yield strength than the STS-fiber-reinforced composite, but the cracks were not interrupted properly by the Ta fibers according to the lower ductility and strain hardening of the Ta fibers. Both the Ta and STS fibers favorably affected the strength and ductility of the composites by interrupting the propagation of cracks formed in the amorphous matrix, by dispersing the stress applied to the matrix, and by promoting deformation mechanisms such as fiber buckling. The STS-fiber-reinforced composite showed the higher compressive strength and ductility than the Ta-fiber-reinforced composite because the STS fibers were higher in the resistance to deformation and fracture than the tantalum fibers.
I. INTRODUCTION
BECAUSE the amorphous alloys with a high glassforming ability were developed by conventional casting methods, remarkable advances in amorphous alloys have been made. [1] [2] [3] [4] [5] [6] Zr-based amorphous alloys show a high glass forming ability as well as excellent hardness, stiffness, strength, and corrosion resistance, [2, 5, 7, 8] and thus, these alloys have been applied to high-performance structural components. However, they have poor ductility because they are fractured readily by the formation of localized shear bands under tensile and compressive loading conditions, [9, 10] which prevents the wide application to structural materials. If amorphous alloy matrix composites, in which reinforcements or secondary phases are dispersed homogeneously in the amorphous alloy matrix, can be fabricated, then the problem of poor ductility can be solved while fully taking advantage of the amorphous alloys.
To fabricate effectively the amorphous matrix composites reinforced with metallic continuous fibers, it is necessary to introduce new-concept fabrication technologies, one of which is a liquid pressing process. [11] Because this process uses a low pressure near the theoretically required minimum pressure, the crystallization of the amorphous matrix can be prevented or minimized by rapid cooling of the amorphous melt. It also has advantages of the elimination of the pores formed by contraction during solidification and complete infiltration of the melt into a fiber preform by the low hydrostatic pressure.
Hays et al. [12] reported the enhanced ductility in a Zr-based amorphous alloy containing ductile crystalline particles because more shear bands were initiated than in a monolithic amorphous alloy. Most of these studies on Zr-based amorphous alloys and their composites are related to the phenomena that occur under static or quasi-static loading, and the deformation behavior under dynamic loading is studied rarely. It is required to obtain information on the dynamic deformation of amorphous alloys and their composites so that it can be applied effectively to strategic fields such as defense, aerospace, precision machinery, and automotive industries. Under dynamic loading such as ballistic impact, machining, and high-speed metal forming, the resistance to deformation or fracture is generally lower than under quasi-static loading, and plastic deformation is often highly localized in a narrow region. [13] [14] [15] [16] [17] Thus, studies on dynamic deformation are essential for the evaluation of alloy designs, microstructural modification, and process control in high-speed manufacturing to improve dynamic properties, but only limited information is available. In addition, how the abrupt shear deformation caused by shear bands under quasi-static loading differs from those under dynamic loading is unknown.
In this study, the Zr-based amorphous alloy matrix composites reinforced with metallic continuous fibers were fabricated by the liquid pressing process, and dynamic compressive tests were conducted on these composites. The STS304 stainless steel and tantalum continuous fibers that have different mechanical properties and thermal stability were used for reinforcements. Using a split Hopkinson pressure bar, the compressive deformation behavior was investigated at a strain rate of approximately 10 3 seconds À1 , and the deformation mechanisms were analyzed by observing the areas deformed under dynamic loading.
II. EXPERIMENTAL
The Zr-based amorphous alloy used for the fabrication of amorphous alloy composites reinforced with continuous fibers was an LM1 alloy (chemical composition; Zr 41.2 Ti 13.8 Cu 12.5 Ni 10.0 Be 22.5 [at. pct]), which is a commercial brand name of the Liquidmetal Technologies (Lake Forest, CA). The STS304 stainless steel fibers (diameter: 110 lm) and tantalum (Ta) continuous fibers (diameter: 125 lm) were used as reinforcements. Figure 1 illustrates a schematic diagram of the liquid pressing process [11] used to fabricate amorphous alloy matrix composites. A preform of continuous fibers and amorphous master alloy plates was inserted into a mold (interior size: 60 9 60 9 6 mm), degassed, and vacuumed. The mold was heated to 1143 K (870°C), held for 5 minutes, and then pressed under a pressure of approximately 10 MPa. Pressing was accompanied with water cooling so that the solidified matrix could form amorphous phases readily. For convenience, the amorphous composite specimens reinforced with STS304 stainless steel and Ta continuous fibers are referred to as S and T, respectively. The amorphous composites were sectioned, polished, and etched in a solution of 70 mL H 2 O, 25 g CrO 3 , 10 mL HNO 3 , and 1 mL HF for the optical microscope observation.
In the dynamic compressive test, a split Hopkinson pressure bar was used, whose schematic diagram is presented in Figure 2 . The cylindrical specimen (size: 4u 9 4 mm for the S specimen and 6u 9 6 mm for the T specimen) situated between the incident and transmitter bars was compressed by a striker bar (diameter: 20 mm) projected at a high speed using an air pressure of 103 KPa, and the strain rate could be controlled by varying the compressive pressure. During the dynamic compression, the incident wave, reflective wave, and transmitted wave were detected, respectively, at strain gages and recorded at an oscilloscope. Among the recorded wave signals, the average compressive strain rate expressed as a function of time was measured from the reflected wave, whereas the compressive stress expressed as a function of time was measured from the transmitted wave. Dynamic compressive stress-strain curves were obtained from these two parameters by eliminating the time term. The compressive strain rate during the test was about 1.5 to 2.5 9 10 3 seconds À1 . Detailed descriptions of the dynamic test are provided in References 18 and 19. The dynamic compressive test was conducted three times on each category, e.g., LM1 alloy, S specimen, and T specimen, and the test results were averaged. After the test, the side regions, cross-sectional areas, and fracture surfaces of the deformed specimens were examined by a scanning electron microscope (SEM) to observe the deformation and fracture modes.
III. RESULTS

A. Microstructure of LM1 Alloy and Fiber-Reinforced Composites
The optical micrographs of a Zr-based amorphous master alloy (LM1 alloy) are presented in Figures 3(a and (b). In the LM1 alloy, fine crystalline particles (size: 1 to 5 lm), together with coarse dark gray particles (arrow marks), are distributed in the amorphous matrix. Fine crystalline phases are identified to be face-centered cubic phases (lattice parameter: 1.185 nm), and their composition is reported to be (Cu+Ni)(Zr+Ti) 2 . [20] Their volume fraction ranges from 3 pct to 4 pct. According to the energy-dispersive spectroscopy (EDS) analysis data of coarse, dark gray particles (Figure 4) , peaks of Zr and C were found, which indicates that they are zirconium carbides (ZrC) formed by the interaction of Zr with C of a graphite crucible during fabricating an LM1 master alloy in an induction-melting furnace. [21] The representative physical properties and roomtemperature tensile properties of the LM1 alloy and continuous fibers are summarized in Table I . (b)). The bright gray regions are the dendritic crystalline phases formed by the partial crystallization according to the phase separation of the amorphous melt during solidification, and their volume fraction is approximately 20 pct in the matrix. Their hardness is measured to be 917 VHN by an ultra micro Vickers hardness tester under a load of 5 g, whereas the hardness of the amorphous matrix is approximately 640 VHN, indicating that the dendritic crystalline phases are harder than the amorphous matrix. In the matrix of the T specimen, the ZrC particles, crystalline particles, and thin layers (thickness: 1 lm or less) formed at fiber/matrix interfaces are observed as indicated by the arrows in Figure 5 (d).
According to the transmission electron microscope diffraction pattern analysis, thin layers are identified to be Ta 2 Be phases. [22, 23] This finding indicates that these Ta 2 Be particles are formed at fiber/matrix interfaces and inside the matrix by reactions between Ta of tantalum fibers and Be of the matrix. The overall numbers and volume fractions of crystalline particles or phases are much smaller than those in the S specimen because the Ta fibers are thermally stable during the liquid pressing process. Detailed descriptions of the microstructures are provided in Reference 23. Figure 6 presents dynamic compressive stress-strain curves of the LM1, S, and T specimens, from which the yield strength, maximum compressive strength, strain at the maximum stress point, and plastic strain are obtained as listed in Table II .
B. Dynamic Compressive Properties
These data are also compared with the quasi-static compressive test data as shown in Table II . The yield and maximum compressive strengths of the LM1 specimen are 1248 and 1440 MPa, respectively. The abrupt fracture occurs as the resistance to fracture under dynamic loading drops, and thus, the strength is lower than that of the quasi-static loading case (Table II) . Under dynamic loading, the strengths of general ductile metals and alloys are increased by the strain rate hardening effect, but this strain rate hardening is not expected in amorphous alloys such as the LM1 alloy where the strain hardening hardly occurs. Lee et al. [24] explained the strength decrease under dynamic loading in view of the energy absorption during the fracture process by observing the fractured surfaces.
The yield strength of the S specimen is higher by approximately 500 MPa under dynamic loading than under quasi-static loading, and the strain-hardening effect in which the compressive stress increases continuously after the yield point is working. The stress reduction observed in the LM1 specimen does not take place in the S specimen. The Hopkinson bar test shows a stress-strain curve up to the strain of 17 pct because it uses the first compressive wave only. [25] The stress keeps on increasing up to the strain of 17 pct in the S specimen, indicating that the specimen was not fractured up to that far. When the specimen is deformed as the second or subsequent compressive waves are transmitted, the specimen may be fractured. The yield strength of the S specimen is higher than that of the LM1 specimen, which is an opposite result from the quasi-static compressive test data (Table II) . The maximum compressive strength of the S specimen is higher than the quasi-static maximum compressive strength and is highest among the three specimens. According to the dynamic compressive stress-strain curve of the T specimen, the stress decreases after the maximum stress point, which indicates that the specimen was fractured abruptly after the maximum stress point. The yield strength of the T specimen is highest among the three specimens, but the maximum compressive strength is lower than that of the S specimen. Because the T specimen has the higher maximum strength than the LM1 specimen, the T specimen shows the opposite results to the quasi-static compressive test data.
Figures 7(a) and (b) show the overall morphologies of the S and T specimens after the dynamic compressive test. The S specimen is compressed into 1.25 mm in thickness, and the fibers are curved severely and dispersed in a radial shape. The T specimen, where the shear fracture has occurred, is broken into many pieces. Unlike the S specimen, the T specimen has a smooth fracture surface, and pulled-out fibers are not observed. Side views of the S specimen are shown in Figures 8(a) and (b). The stainless steel (STS) fibers are buckled at an angle of approximately 65 deg, and some broken pieces of the amorphous matrix are observed also (dotted circular area in Figure 8(a) ). Figure 8(b) is a magnified [ 22, 23] Fig. 7-Low-magnification optical photographs of the dynamically deformed compressive specimen for the (a) S and (b) T specimens.
micrograph of the dotted rectangular area. The cracks are formed vertical to the fiber alignment direction in the amorphous matrix, and some STS fiber/matrix interfacial separations are found. The cross-sectional SEM micrographs of the S specimen are shown in Figures 9(a) through (c) . A large crack dividing the specimen into two parts is formed inside, although it is invisible from the outside (Figure 9(a) ). According to the high-magnification micrographs (Figures 9(b) and (c) ) of the dotted rectangular area in Figure 9 (a), the cracks initiate mainly in the amorphous matrix, and they grow and coalesce with other cracks, eventually reaching the final fracture along the amorphous matrix. The large crack in Figure 9 (a) is the one propagated along the amorphous matrix, and the cracks initiated in the amorphous matrix do not propagate into fibers (Figure 9(c) ). Throughout the deformation process, the STS fibers play a role in interrupting the crack propagation and in taking charge of the overall plastic deformation. The fibers are curved in many directions (Figure 9(a) ) and are crushed severely (Figure 9(b) ). Some fibers are observed to have infiltrated into the matrix.
One piece of the T specimen in Figure 7 (b) was observed by an SEM, and its side views are shown in Figures 10(a) through (d) . In the red-dotted rectangular area of Figure 10 (a), a crack is grown long by fiber/ matrix interfacial separations (Figure 10(b) ). The white-dotted rectangular area shows the crack initiation at the fiber/matrix interface and the formation of kink bands inside the fiber because of shear deformation ( Figure 10(c) ). The amorphous matrix is deformed mainly at about 45 deg to the loading axis. The cracks initiated in the amorphous matrix are interrupted in their propagation by Ta fibers, and cracks are found propagating along the fiber/matrix interface. In other areas, the cracks are initiated after the Ta fibers are buckled severely along the shear direction (Figure 10(d) ).
Cross-sectional SEM micrographs of the T specimen are shown in Figures 11(a) through (c) . The Ta fibers are deformed near the cracks in the shear stress direction, and cracks propagate into the fibers to form a long crack (Figure 11(a) ). The cracks initiated in the amorphous matrix propagate into fibers, and some cracks tend to divide into two parts in the area where the crack propagation is interrupted largely by fibers (Figure 11(b) ). Figure 11(c) shows the fibers separated into many parts by the crack propagation. As the crack propagation paths become diverse by the fibers, the compressive loads are dispersed, and thus, the specimen becomes separated into many pieces as shown in Figure 7 (b). Figure 12 is an SEM fractograph of a piece of the T specimen. The Ta fibers with oval-shaped cross-sections look crushed because of shear deformation. Vein patterns, which are observed typically on the fracture surfaces of amorphous alloys, [24] are also observed in some areas, which indicates the amorphous matrix areas are stuck to the fibers. This finding confirms that the T specimen undergoes a serious deformation in the shear direction under dynamic loading.
IV. DISCUSSION
Nagendra et al. [26] reported that the partial crystallization of amorphous alloys generally leads to severe embrittlement. It can be confirmed from Figures 8(b) and 10(c) that the cracks initiate first in the amorphous matrix and propagate into metallic fibers. This finding implies that the amorphous matrix influences the crack initiation, which affects mechanical properties of the composites negatively. Particularly in the S specimen whose amorphous matrix contains a considerable amount of crystalline phases, it is expected that cracks are initiated more readily, and that the final fracture can also occur readily. These crystalline phases affect the mechanical properties on the tensile test negatively, but their effects on the compressive properties are small as reported previously. [20, 21] It is noted from to the dynamic compressive test results, which are focused on mainly in the current paper, that the fracture mechanisms are different in the S and T specimens. This result indicates that how effectively the propagating cracks are blocked by fibers is more important rather than the effect of the crack initiation in the amorphous matrix. In fact, many cracks are initiated in the amorphous matrix or crystalline phases in the both specimens under dynamic loading (Figures 8(b), 9(b), and 10(c) ), but the S specimen shows excellent mechanical properties as the crack propagation is blocked largely by the fibers. According to the microstructural analysis data of the deformed region after the tensile test, [20, 21] the cracks initiated in the amorphous matrix are distributed widely throughout the deformed tensile specimen of the S specimen, whereas they are distributed narrowly near the fractured area in the T specimen. These results confirm that the fibers affect more greatly the crack initiation and propagation than the crystalline phases present inside the amorphous matrix.
The S specimen has a lower yield strength than the T specimen, but the fracture does not occur during the first compressive wave pass as the strain-hardening effect continues after the yielding. The strain hardening occurring in the S specimen implies that the STS fibers interrupt the abrupt fracture of the amorphous matrix and continue to withstand the loads. According to the tensile test data of Table I , the STS fibers show the yield ratio of 0.59 and an elongation of 12.4 pct, indicating a higher strain hardening than the Ta fibers with a higher tensile yield ratio (ratio of yield strength divided by ultimate tensile strength) (0.86) and lower elongation (3.6 pct). In the SEM micrographs of Figures 8(a) and (b), the shear fracture occurs in STS fibers rarely, and the complete fracture does not take place even when the fibers are buckled severely. It can be observed from Figure 9 (b) that the propagation of cracks initiated in the matrix is interrupted by the buckled fibers. The STS fibers with sufficient ductility work to detain serious shear deformation and then get buckled. Thus, they can interrupt the propagation of the cracks initiated in the matrix and can promote the continuous deformation without fracture according to the strain-hardening effect of the fibers themselves even under considerably high loads. Consequently, the dynamically deformed S specimen shows the high plastic strain above 17 pct and does not undergo the complete fracture.
Under dynamic loading, the time is not sufficient to go through all the itinerant deformation processes such as crack initiation in the amorphous matrix, shear band formation in fibers, and coalescence of cracks and shear bands in the shear direction, which can occur typically under quasi-static loading. [23, 27, 28] The cracks initiated in many areas in the amorphous matrix are connected to form a long crack, and the fracture proceeds along the amorphous matrix (Figure 9(c) ). The growth of a long crack does not provoke the abrupt reduction in compressive stress because the cracks propagate in the loading axis direction, not in the shear direction, together with the shear deformation of fibers, thereby resulting in sustaining of the compressive stress continuously. Therefore, the S specimen has excellent strength and ductility at the same time because of the sufficient ductility of the STS fibers, the effective interruption of crack propagation, and the strain-hardening of fibers themselves.
As the Ta fibers have higher strength than the STS fibers (Table I ), the T specimen shows a higher yield 3030-VOLUME 43A, SEPTEMBER 2012strength than the S specimen. Under dynamic loading, the cracks are not interrupted properly by the Ta fibers according to the lower ductility and strain hardening of the Ta fibers, and the stress decreases after the maximum strength point (Figure 6 ), whereas some level of strain hardening continues up to the strain of approximately 20 pct even though the shear fracture takes place under quasi-static loading. [23, 28] As shown in Figure 7 (b), the shear fracture at the 45 deg direction occurs simultaneously, together with the fracture along the loading axis direction. [29, 30] Particularly, the development of shear fracture works as a main cause for the reduced stress in the compressive stress-strain curve. [23, 27] It is known that the Ta fibers, which are highly sensitive to changes in the strain rate, show the increased yield strength and the decreased strain hardenability with increasing strain rate. [31] In addition, as the cracks initiated at the amorphous matrix propagate into the Ta fibers, kink bands are formed as shown in Figure 10 (c). When the fibers are buckled under constraints of the surrounding matrix, they are collectively bent, rotated, and broken at two points, which generates kink bands. [32] Once formed, the kink bands propagate rapidly and lead to failure of the composites. [33] These kink bands are well developed along the maximum shear stress directions, which can result in the occurrence of shear cracking or shear fracture. [32] [33] [34] Under dynamic loading, therefore, the T specimen experiences the decreased strength because of the lowered level of strain hardening after reaching the maximum strength point.
As shown in Figures 10(a) through (d) and 11(a) through (c), the Ta fibers are deformed and fractured in the shear stress direction after some level of plastic deformation, but sufficiently buckled fibers as shown in STS fibers are hardly observed. This finding indicates that the Ta fibers do not take charge of the loads and strains as excellent as STS fibers. Under dynamic loading, many cracks are initiated in the shear stress direction in the amorphous matrix, and cracks tend to propagate along the fiber/matrix interface when the crack propagation is interrupted by fibers (Figure 10(c) ), whereas the fiber/matrix interfacial separations hardly occur under quasi-static loading. [23] The separation occurring in the T specimen is associated with the propagation of cracks formed in the amorphous matrix along the fiber/matrix interface, and the final fracture takes place in the brittle amorphous matrix or along the fiber/matrix interface. Because the fracture in the T specimen proceeds with shear fracture accompanied with separation phenomenon, the stress decreases after the maximum strength point and the plastic strain is lower than that of the S specimen. In the fracture surface of the T specimen, vein patterns, together with smeared areas of fibers, are observed ( Figure 12 ). This verifies the improved dynamic deformation properties in the T specimen than the LM1 specimen in which only the vein patterns are shown [24] because fibers work to interrupt the cracks formed in the amorphous matrix.
Compressive tests were conducted on the amorphous composites reinforced with the STS and Ta fibers under dynamic loading, and the results were explained in relation with the microstructures and the deformation mechanisms. The deformation under dynamic loading decreases the resistance to fracture and subsequent strain, but the strength increases caused by the strain rate strengthening effect. Particularly in the S specimen, because the STS fibers work effectively to interrupt the propagation of cracks initiated in the amorphous matrix, it shows excellent compressive strength and ductility even under dynamic loading. Thus, it can be applied more reliably to the areas that require good dynamic properties. However, because the current results were obtained from the tests conducted only at room temperature under the strain rate of approximately 10 3 seconds À1 , the dynamic deformation behaviors occurring at high strain rates, as in ballistic impact or at high temperatures, were not investigated. In addition, the anisotropic properties resulting from the orientation relationship between the fiber alignment direction and loading axis direction of the one-directional, fiber-reinforced composites are yet to be solved. The anisotropy can be a merit as it enables property tailoring, but it can be a serious shortcoming in the deformation behavior of the composites. [29, 30] To apply Zr-based amorphous composites to various industrial areas, phenomena occurring at higher strain rates and higher temperatures need to be studied in more detail. Studies on the selection and development of new fibers and matrix alloy, the establishment of liquid pressing process conditions, and the deformation mechanisms depending on the fiber alignment are also required.
V. CONCLUSIONS
In the current study, the dynamic compressive properties of two Zr-based composites reinforced with the STS304 or Ta fibers were interpreted in relation with the microstructures and deformation mechanisms.
1. In the STS-fiber-reinforced composite, the shear fracture occurred rarely in STS fibers, and the complete fracture did not take place even when the fibers were severely buckled. The STS fibers could interrupt the propagation of the cracks initiated in the matrix, and they promoted the continuous deformation without fracture according to the strain-hardening effect of the fibers themselves. Thus, the dynamically deformed STSfiber-reinforced composite showed the high plastic strain above 17 pct and did not undergo the complete fracture.
2. Because the Ta fibers had higher strength than the STS fibers, the Ta-fiber-reinforced composite showed a higher yield strength than the STS-fiber-reinforced composite. The cracks were not interrupted properly by the Ta fibers according to the lower ductility and strain hardening of the Ta fibers. The shear fracture at a 45 deg direction occurred together with the fracture along the loading axis direction, which worked as a main cause for the reduced stress after the maximum strength point. Thus, the Ta-fiber-reinforced composite showed the decreased strength caused by the lowered level of strain hardening after reaching the maximum strength point.
3. Under dynamic loading of the fiber-reinforced composites, a mechanism of rupturing phenomenon, in which the cracks initiated in the matrix were propagated, coalesced, and ruptured rapidly, was observed. Because the STS fibers had the higher resistance to deformation and fracture than Ta fibers, the STS-fiber-reinforced composite showed the higher compressive strength and ductility than the Ta-fiber-reinforced composite.
